Norwalk virus (NV) was first isolated from an outbreak of winter vomiting disease, or acute gastroenteritis, at an elementary school in Norwalk, Ohio, in 1968 (1). Subsequent adult volunteer challenge studies with infectious stool filtrate from the Norwalk outbreak demonstrated that NV readily infects susceptible people, causing an acute illness associated with diarrhea, vomiting, myalgia, nausea, and fever within 15 to 24 h after exposure and lasting 24 to 72 h (16). Although these initial studies demonstrated that most people are highly susceptible to NV, presently no cell culture systems or animal models of infection exist, which limits the study of NV replication and pathogenesis.
Norwalk virus (NV) was first isolated from an outbreak of winter vomiting disease, or acute gastroenteritis, at an elementary school in Norwalk, Ohio, in 1968 (1). Subsequent adult volunteer challenge studies with infectious stool filtrate from the Norwalk outbreak demonstrated that NV readily infects susceptible people, causing an acute illness associated with diarrhea, vomiting, myalgia, nausea, and fever within 15 to 24 h after exposure and lasting 24 to 72 h (16) . Although these initial studies demonstrated that most people are highly susceptible to NV, presently no cell culture systems or animal models of infection exist, which limits the study of NV replication and pathogenesis.
NV is the prototype nonenveloped, positive-stranded RNA human virus in the genus Norovirus of the family Caliciviridae. Noroviruses are a major cause of acute gastroenteritis throughout the world and cause virtually all outbreaks of nonbacterial gastroenteritis in adults in the United States (18, 39) . Furthermore, there are an increasing number of reports of gastroenteritis cases and outbreaks in children and the elderly caused by noroviruses, in part due to increased surveillance and better detection methods (15, 26, 39) .
NV virions are detected in low numbers in infected stool. The virions are 27 to 38 nm in diameter, including 4.5-nm radial protrusions extending from the capsid shell that create the calix, or cup-like structures, apparent by electron microscopy (33, 44) . The NV capsid proteins (open reading frames 2 and 3, which produce the structural viral proteins VP1 and VP2, respectively) spontaneously self-assemble into virus-like particles (VLPs) when synthesized in a recombinant baculovirus expression system. These recombinant NV VLPs (rNV VLPs) are structurally and antigenically similar to the capsids of native NV and are useful in modeling virus-cell interactions (27, 53) .
Hemagglutination (HA) is one method that has been helpful in identifying cell-binding receptors for many viruses, such as influenza A virus and parvovirus B19 (7, 45) . The VLPs from human parvovirus B19, JC human polyomavirus, and SA11 simian rotavirus have HA properties that are similar to those of their virions (8, 14, 42) . This is the first report of HA by VLPs from a human calicivirus. Our data demonstrate that the H type 2 histo-blood group antigen is the rNV VLP HA receptor on human type O red blood cells (RBCs) and that the rNV VLPs also bind to synthetic H and structurally related Lewis carbohydrate antigens.
MATERIALS AND METHODS
rNV VLP purification. rNV VLPs were synthesized and purified by using methods described previously (53) . Briefly, spinner flasks containing 3.5 ϫ 10 6 Sf9 insect cells per 200 ml of Grace's insect cell medium were infected with pVL-NV ORF(2 ϩ 3) recombinant baculovirus at a multiplicity of infection of 5. At 7 days postinfection the rNV VLPs were harvested from supernatants of spinner flask cultures. Cells were pelleted and discarded. The VLPs in the supernatant were pelleted by ultracentrifugation through a 30% sucrose cushion made with 0.2 M phosphate-buffered saline (PBS) for VLPs (PBS-V) (0.2 M sodium phosphate, 0.1 M NaCl, pH 6.0) in an SW28 rotor for 3 h at 120,000 ϫ g and 4°C. The pellets were suspended in 0.39 g of CsCl (Invitrogen, Grand Island, N.Y.) per ml of PBS-V and subjected to isopycnic gradient centrifugation in an SW55 rotor for 18 to 24 h at 150,000 ϫ g and 4°C. The visible band of rNV VLPs in the CsCl gradient was collected by micropipetting. CsCl was removed by diluting the VLPs in PBS-V and sedimenting by ultracentrifugation in an SW28 rotor for 3 h at 120,000 ϫ g and 4°C. The VLP pellets were suspended in PBS-V containing protease inhibitors (aprotinin, leupeptin, and pepstatin [Sigma, St. Louis, Mo.] at 1 g/ml each) and stored at 4°C. The rNV VLP protein concentrations were determined by the DC protein assay (Bio-Rad, Hercules, Calif.) microtiter plate method without detergent, and the rNV VLP structural integrity was ascertained by electron microscopic inspection of negatively stained (1.0% ammonium molybdate [Sigma], pH 5.0) VLPs on carbon-coated grids (Ted Pella, Reading, Calif.).
HA assay. The HA assay methods were based on those described by the Centers for Disease Control and Prevention (9) were combined at 4°C. The plates were covered with adhesive film (Excel Scientific, Wrightwood, Calif.) and incubated for 75 to 120 min in a cold room (at 4 to 8°C), unless otherwise indicated. Incubations at other temperatures were performed at room temperature (22 to 25°C) or in a tissue culture incubator (36 to 37°C). The HA titer was the reciprocal of the greatest rNV VLP dilution that did not allow sedimentation of the RBCs compared to negative control wells that contained only buffer. The positive control for HA was an influenza A virus (H1N1, A/Texas/36/91), grown in eggs, for which the titer had been previously determined. For each animal RBC sample, the percentage of packed RBCs in saline used for each HA assay was determined by the minimum concentration of RBCs able to sediment in negative control wells (PBS-H) within 6 h of incubation at 4°C.
Periodate treatment of RBCs. Human type O RBCs were treated with freshly prepared 10.0 mM KIO 4 (Sigma) for 20 min at room temperature and then rinsed and packed as described above. To test the RBCs' ability to be agglutinated, 40 l of treated or control 2.0% RBCs was mixed with 10 l of rNV VLPs (0.1 mg/ml), anti-D or anti-H monoclonal antibodies (MAbs) (Immucor) (0.1 mg/ml), or PBS-H on an ice-cold glass plate and incubated for 10 min at 4°C. The degree of HA was determined by visual comparison to controls and verified by an independent observer. Enzyme treatment of RBCs. All enzyme reactions were performed with 50 l of packed RBCs in a total enzyme reaction volume of 125 l. Control reaction mixtures were incubated without enzyme. Neuraminidase from Arthrobacter ureafaciens (6 U; Sigma) in Dulbecco's PBS (D-PBS) (Invitrogen) was combined with the RBCs and incubated for 60 min at 37°C. L-(Toslylamido-2-phenyl)ethyl chloromethyl ketone-treated trypsin (1.25 ng; Sigma) in D-PBS was added to the RBCs and incubated for 30 min at 37°C. Trypsin activity was stopped by adding 0.5 g of soybean trypsin inhibitor (Sigma) to the reaction mixture. After enzyme treatment, the RBCs were rinsed three times with 6 ml of PBS and packed by centrifugation as described above. After removal of the PBS supernatant, the packed RBCs were diluted with cold 0.85% saline (pH 6.2) to make a 0.5% RBC suspension for HA assays.
Enzyme-linked immunosorbent assay (ELISA)-based carbohydrate microtiter plate assay (CMA). Multivalent carbohydrate-biotin reagents conjugated to polyacrylamide (CHO-PAA-biotin; Glycotech, Rockville, Md.) were immobilized onto streptavidin-coated plates as suggested by the manufacturer, with all reagents added in volumes of 100 l/well, unless otherwise specified. Briefly, PVC microtiter flat-bottom plates (Dynex Technologies, Chantilly, Va.) were coated with 10 g of streptavidin (Sigma) per ml in PBS at 4°C overnight, blocked by addition of 1% fatty acid-free bovine serum albumin (faf-BSA) (Sigma) in PBS at room temperature for 4 h, and then rinsed three times with 200 l of PBS per well. Next, 0.1 g of biotin per ml or 10 g of CHO-PAA-biotin conjugate per ml in PBS with 0.25% faf-BSA was incubated at room temperature for 1 h and rinsed as described above. The rNV VLP-carbohydrate binding was optimized at 10 g of rNV VLPs per ml in PBS (pH 7.5) with 0.25% faf-BSA and incubation at room temperature for 1 h before rinsing as described above. rNV VLPs bound to carbohydrate were detected by incubation with rabbit anti-rNV VLP serum (1:5,000) in PBS with 0.25% faf-BSA for 1 h at room temperature; rinsing as described above; addition of goat anti-rabbit immunoglobulin A (IgA), IgM, and IgG conjugated to horseradish peroxidase (ICN Biomedicals, Philadelphia, Pa.) (1:50,000) in PBS with 0.25% faf-BSA; incubation for 1 h at room temperature; and rinsing. Plates were developed with the TMB microwell peroxidase endpoint assay (Kirkegaard & Perry Laboratories, Gaithersburg, Md.), and absorbance was read at 450 nm (Spectromax 190; Molecular Devices, Sunnyvale, Calif.). Carbohydrate competition assays for rNV VLP binding to the microtiter plateimmobilized CHO-PAA-biotin were performed by preincubating the rNV VLPs with CHO-PAA reagents (without biotin) in PBS (pH 7.2) for 30 min at 4°C before addition to the microtiter plates prepared as described above. The plates were incubated for 1 h at 4°C and then rinsed and detected as described above.
HI assay. Inhibition of rNV VLP HA was examined by using the multivalent CHO-PAA-biotin conjugates, human pre-and post-NV challenge sera (24) , mouse hyperimmune serum IgG, and anti-rNV VLP MAbs (8812, 3901, and 3912) (30) . The human sera were heat inactivated and kaolin treated for the HA inhibition (HI) assays as previously described (9) . Mouse IgG from hyperimmune sera and monoclonal hybridoma ascites were purified by using UltraLink protein G columns (Pierce, Rockford, Ill.) according to the manufacturer's protocol and stored at 4°C in PBS with 0.02% NaN 3 . The HI activities of the carbohydrate conjugates, the treated human sera, and the mouse IgG were tested by serial dilutions of the inhibitors (starting concentrations of 100 g/ml, 1:10, and 50 g/ml, respectively) in a volume of 25 l of PBS-H across 96-well V-bottom plates. An amount of rNV VLPs equal to 4 HA units (HAU) (1 HAU was defined as the amount of antigen present at the HA endpoint dilution) in a volume of 25 l of PBS-H was added to each well, and the inhibitor was incubated with the rNV VLPs for 30 min at 4°C. (For the mouse IgG HI assays, the PBS-H contained 0.3% BSA fraction V [Calbiochem, San Diego, Calif.].) Next, 50 l of 0.5% human type O RBCs in 0.85% saline was added to each well, and the plate was incubated as described above. Each inhibitor tested was negative for nonspecific HA of the RBCs at the highest concentration used in the assay. The HI titer was read as the last dilution of inhibitor that prevented HA of the RBCs by rNV VLPs.
RESULTS
HA by rNV VLPs is temperature and pH dependent. The rNV VLP HA of RBCs was tested at 4, 25, and 37°C in PBS-H (pH 7.2). The rNV VLPs were able to hemagglutinate human type O-positive RBCs at 4°C but not at 25 or 37°C (Fig. 1A) . Microscopic inspection of the human type O-positive RBCs and HA of the RBCs by influenza A virus at all three temperatures demonstrated that the cells were intact at these temperatures. The HA of human type O-positive RBCs by rNV VLPs at 4°C was lost within 30 min when plates were warmed to room temperature. The loss of HA at room temperature was reversible. The HA titer was restored to a level equal to or up to fourfold lower than the initially observed titer when the plates were first cooled to 4°C, shaken to suspend the RBCs, and then incubated a second time at 4°C (data not shown). Because several enteric viruses have HA titers that are optimal at pHs of below 7.2 (9), we evaluated the effect of pH on rNV VLP HA of type O-positive RBCs. With pH increments of 0.5, the rNV VLPs hemagglutinated human type O-positive RBCs when diluted in PBS-H at pH 5.0 to 7.0 but not at pH 7.5 and 8.0 (Fig. 1B) . HA by influenza A virus was pH independent between pH 5.0 and 8.0. Upon further examination of HA at pHs of between 7.0 and 7.5, rNV VLP HA was observed at pH 7.0 to 7.2 but was lost at pH 7.3 to 7.5 (data not shown). Therefore, for rNV VLP HA of human type O-positive RBCs, an incubation temperature of 4 to 8°C and a pH of between 5.0 and 7.2 were required. At the chosen conditions, i.e., incubation at 4°C and pH 5.5, an HA endpoint of 0.625 ng of rNV VLPs (3.6 ϫ 10 7 particles) was regularly able to hemagglutinate approximately 3 ϫ 10 6 human type O-positive RBCs. Thus, to further characterize the HA properties of rNV VLPs, we made our standard HA assay with 400 ng of rNV VLPs per ml as the initial VLP concentration that was serially diluted in PBS-H at pH 5.5 and incubated for 75 to 90 min at 4°C, unless otherwise noted.
rNV VLPs hemagglutinate chimpanzee RBCs. The ability of a virus to agglutinate RBCs depends on the expression of the HA receptor on the cells, and this expression may be limited to a subset of animal species RBCs. Therefore, we tested RBCs from different species to gain insight into the nature and expression pattern of the rNV VLP HA receptor. Additionally, if the rNV VLP HA was a biologically relevant interaction, we hypothesized that the narrow host restriction of NV infection, i.e., to most humans and some chimpanzees (24, 43, 54) , would be reflected in the ability of the VLPs to agglutinate RBCs from susceptible species. A panel of RBC samples from 12 nonhuman animal species was chosen based on their susceptibility to other caliciviruses, evolutionary relatedness to humans, availability, and use in other viral HA assays. Of these RBC samples, only the chimpanzee RBCs (0.5%) were hemagglutinated by the rNV VLPs ( Fig. 2A ). This sample of chimpanzee RBCs also reacted with an anti-A histo-blood group typing reagent (Immucor), indicating the presence of A or A-like histo-blood group antigens on the chimpanzee RBCs (data not shown) (3). The HA titer for the chimpanzee RBCs was 256, similar to the high HA titers exhibited by several human type A RBC samples (Fig. 2B ). The baboon (0.5%), spider monkey (0.5%), rhesus macaque (1.5%), chicken (0.5%), guinea pig (1.0%), murine (1.0%), canine (1.0%), bovine (1.0%), porcine (1.0%), feline (1.5%), and lapine (2.0%) RBC samples were not hemagglutinated by 400 ng of rNV VLPs per ml. An interesting observation was made when the pooled human type B RBCs were treated with neuraminidase and tested for rNV VLP HA ( Table 1) . As seen with the majority of individual type B RBC samples, the untreated pooled type B RBCs were not hemagglutinated by 400 ng of rNV VLPs per ml. However, after neuraminidase treatment, when the sialic acid-dependent rotavirus HA titer was abolished, the rNV VLPs were able to hemagglutinate the type B RBCs.
The rNV VLP HA is dependent upon H antigen. Individuals with the rare Bombay (O h ) blood type do not express the H histo-blood group antigen on their RBCs (35) . Since the H antigen is the precursor substrate for A and B antigen expression, RBCs from Bombay-type individuals will appear to have an O phenotype regardless of their ABO genotype (35) . Bombay-type individuals with an A or B and a secretor (Se ϩ ) genotype are A-or B-para-Bombay, respectively, where the A or B antigens may be expressed on additional carbohydrate substrates not normally expressed by RBCs (35) . None of the five Bombay-or the two para-Bombay-type RBC samples assayed was hemagglutinated by 400 ng of rNV VLPs per ml (Fig. 3A) . In fact, even 100 g of rNV VLPs per ml did not hemagglutinate the seven Bombay-type RBC samples (data not shown). Furthermore, when monoclonal antibody BRIC 231 (Biogenesis, Poole, United Kingdom), which specifically recognizes the H type 2 antigen, was preincubated with human type O RBCs, the rNV VLPs did not hemagglutinate the RBCs (data not shown). These data strongly suggest that rNV VLP HA is dependent upon H antigen expression on human RBCs.
The rNV VLP HA receptor may be a developmental antigen. Many RBC antigens, including the ABH antigens, are not expressed or are expressed at low levels on fetal and neonatal RBCs (37, 51) . Four human umbilical cord RBC samples (neonatal RBCs) were obtained from full-term births and were tested for HA by rNV VLPs (Fig. 3B) . One type A cord RBC sample showed an HA titer similar to that of some adult type A RBCs. The three additional cord blood samples (a second type A sample, a type O sample, and a type B sample) were not hemagglutinated by 400 ng of rNV VLPs per ml.
One developmental change in human RBC antigens is the increase in carbohydrate branching. Fetal RBCs have no branched carbohydrates (phenotype i), and adult levels of branching are attained by 2 years of age (phenotype I) (20, 52) . RBCs from adults lacking the ␣-1,6 galactosyltransferase carbohydrate branching enzyme resemble fetal RBCs in their lack of branched-carbohydrate expression (4). The rNV VLP HA did not depend on expression of branched carbohydrates (Fig.  3A) . Two type O (i/i) RBC samples were hemagglutinated by 400 ng of rNV VLPs per ml to an HA titer of 128, similar to the HA titer of normal type O RBCs.
rNV VLP HA of human type O RBCs is inhibited by mouse MAb 8812. The previously characterized rNV VLP-specific MAbs 8812, 3901, and 3912 were tested for their ability to inhibit rNV VLP HA (30) . Also, IgG purified from mouse anti-rNV VLP hyperimmune serum was tested for rNV VLP HI. Only MAb 8812 inhibited rNV VLP HA of human type O RBCs (Table 3) .
Convalescent-phase sera from NV-infected volunteers show an increase in rNV VLP HI titer. Prechallenge and convalescent-phase sera from seven NV-challenged volunteers were heat inactivated and kaolin treated to remove nonspecific hemagglutinating factors (9, 24) . The treated sera were diluted (1:10) and had no nonspecific HA activity and lower HI titers than untreated sera. Increased HI titers were found in the convalescent-phase sera of NV-infected volunteers (n ϭ 5; volunteers 1 to 5) compared to their prechallenge sera, while the HI titers did not increase in convalescent-phase sera from noninfected NV-challenged volunteers (n ϭ 2; volunteers 6 and 7) ( Table 4 
) (24).
The rNV VLPs specifically bind to synthetic H and Lewis carbohydrate antigens. Based on the data that the H antigen may be the HA receptor for the rNV VLPs on human type O RBCs, the VLPs were tested for their ability to bind synthetic H and the structurally related Lewis carbohydrate reagents (Table 5) . These synthetic H and Lewis antigens were chosen based on their relatedness to the H type 2 antigen found on human type O RBCs, their expression on gut mucosa, and their availability. When the rNV VLPs were incubated on carbohydrate-coated microtiter plates in the ELISA-based CMA in PBS (pH 6.0) at room temperature, the VLPs bound to the following carbohydrates, starting with the greatest rNV-spe- , and H disaccharide (Fig. 4A) . In HI assays, the same carbohydrates (CHO-PAA-biotin reagents) inhibited rNV VLP binding to human type O RBCs (Fig. 4B) 
DISCUSSION
This is the first report demonstrating that recombinant VLPs from a human calicivirus can bind to and agglutinate RBCs. We employed HA and HI assays to determine properties of rNV VLP-RBC interactions, which may elucidate NV-host cell interactions for this noncultivatable gut virus. Many viruses hemagglutinate RBCs, including viruses that infect the gastrointestinal tract, such as some adenoviruses, enteroviruses, and rotaviruses. The HA reactions described for many of these enteric viruses are optimal at temperatures of 37, 24, or 4°C, and some have an optimal pH of between 5.8 and 7.4 (9) . The HA of human RBCs by rNV VLPs was dependent on low temperature (4 to 8°C) and acidic pH (optimized at pH 5.0 to 7.0). The reversibility and repeatability of the rNV VLP HA assay suggest that most of the VLPs are not internalized by the RBCs but are instead released into the buffer at room temperature. The decrease in HA titer upon reincubation could be due to a low level of RBC or VLP degradation over the length of time for the assays.
Carbohydrates function as receptors or essential attachment factors for influenza and measles viruses, bacteria, and parasites (reviewed in reference 40). Detection of virus-binding carbohydrates on host cell and RBC surfaces can lead to the identification of cellular receptors required for infection. Many viruses that bind carbohydrates interact with or require negatively charged sialic acids or heparan sulfates (36) . Although rNV VLP binding was determined to be carbohydrate dependent, based on the loss of RBC binding after periodate treatment, neuraminidase treatment of type A and O RBCs had no effect on their HA, and heparan sulfate did not inhibit HA. Therefore, sialic acids and heparan sulfates are not required by the receptor(s) for rNV VLP HA. NV causes symptomatic infection in most humans and has a very limited host range (24, 43) . Although chimpanzees do not develop symptomatic NV disease, some NV-challenged chimpanzees are infected because they produce NV-specific seroresponses and shed NV antigen (54) . The rNV VLP HA of most human and chimpanzee RBCs could reflect the ability of the individual or animal to express the NV ligand(s). For instance, the susceptibility of an animal species to influenza A virus strains is reflected in the RBC binding specificity (13, 45) .
Numerous NV volunteer challenge studies indicate that some individuals are not susceptible to NV infection (24, 43) . The lack of rNV VLP HA for most type B RBCs indicates that a moiety involved in determining an individual's ABO phenotype may be important for VLP-cell interaction. However, the data showing that all type O, A, and AB but few type B RBC samples were hemagglutinated by 400 ng of rNV VLPs per ml were initially puzzling. The ABO phenotypes of human RBCs are determined by the presence or absence of A and/or B carbohydrate antigens on the surface of their RBCs (29) . The minimum structure defining the A and B antigens are trisaccharide moieties synthesized by enzymatic transfer of an Nacetylgalactosamine (GalNAc) or a galactose (Gal) residue, respectively, in ␣-1,3 linkage to the terminal Gal residue of H antigens on glycolipids and glycoproteins (29, 55) . The presence or absence of functional enzymes to synthesize the A and/or B antigens determines a person's ABO phenotype.
Since both the A and B glycotransferases add a carbohydrate residue to the same site, the absence of rNV VLP HA with type B RBCs is not easily explained by its terminal Gal residue blocking binding. However, the rNV VLPs gained the ability to hemagglutinate type B RBCs after neuraminidase treatment. This suggests that the rNV VLPs bind to an epitope on type B RBCs that may have been made accessible after removal of sialic acid from the cell surface and that a sialic acid-dependent interaction unique to the type B RBCs may block rNV VLP binding. Other protein-carbohydrate interactions have a similar sialic acid-dependent cryptic nature, including an antibody that recognizes the B antigen (50, 52) . Alternately, the rNV VLP HA of type B RBCs may be a weak interaction that is detectable only after the loss of net negative charge on neuraminidase-treated RBCs. The reduced negative charge decreases cell-cell repulsion and thus enhances weak binding interactions (48) . The HA of six additional individual human type B RBC samples by high concentrations of rNV VLPs can be interpreted as evidence for a weaker binding of the rNV VLPs to the type B RBCs. This weaker binding of the type B RBCs would not be primarily due to a reduction in potential binding sites, since ␣-galactosidase treatment of pooled type B RBCs to remove the terminal ␣-Gal residues, which converts B antigens to H antigens, also increased the HA titer (unpublished data). Thus, one possible explanation for the four human type B RBC samples that were hemagglutinated by 400 ng of rNV VLPs per ml is that these type B RBCs expressed less sialic acid. Alternatively, some B allele galactosyltransferases are less processive, leading to less H to B antigen conversion, which could lead to more H antigen being found on these type B RBCs (55) . This study shows that the H antigen is the HA receptor for rNV VLPs on human type O RBCs. None of the seven Bombay-type RBCs, which lack expression of the H antigen, were 1  Infected  Ͻ10  160  32  2  Infected  40  10,240  256  3  Infected  160  10,240  128  4  Infected  40  2,560  64  5  Infected  40  2,560  64  6  Noninfected  40  40  0  7  Noninfected  10  10  0 a Heat-inactivated and kaolin-treated sera (1:10) were tested for their ability to inhibit rNV VLP HA by HI assay. Pre-and postchallenge sera were collected from human volunteers before and 2 to 4 weeks after NV (8fIIa) challenge and stored at Ϫ70°C (24) .
b Infected, seroresponse and/or antigen shedding with or without symptoms; noninfected, no seroresponse or antigen shedding with low symptom score (24). (20) , with little to no expression on fetal RBCs and expression increasing to adult levels after birth (37) . Thus, the lack of rNV VLP HA of one type A umbilical cord RBC sample and one type O umbilical cord RBC sample is congruent with the developmental expression of ABH antigens. Another developmental change in carbohydrate structure that can affect lectin HA is branching (22) . The fetal unbranched structure (type i) changes to an adult branched structure (type I) by developmentally regulated enzyme expression (4, 51) . The rNV VLP HA of unbranched type i RBCs demonstrates that a branched carbohydrate structure is not required for rNV VLP HA. Without a cell culture system, the biological relevance of rNV VLP HA cannot be directly determined. However, the binding of other biologically relevant protein-carbohydrate pairs is also dependent on low temperature, such as the galactophillic Pseudomonas aeruginosa lectin PA-IL and the human cold agglutinating antibodies to I antigen (21, 22) . The low-temperature dependence of rNV VLP-H type 2 antigen binding could reflect an enhanced affinity due to the stabilization of a VLP and/or carbohydrate conformation that promotes binding. H type 2 is the only H antigen normally expressed on human RBCs (Table 5 ) (reviewed in reference 29). Our data indicate that H type 2 is the rNV VLP HA receptor on human type O RBCs. Another distantly related virus, rabbit hemorrhagic disease virus (RHDV), is the only other calicivirus VLP (and the only calicivirus virion) known to hemagglutinate human RBCs (46) . Interestingly, H type 2 is the HA receptor for RHDV VLPs on human RBCs (47) . Thus, the fact that RHDV VLPs bind to a carbohydrate expressed on mucosal cells of rabbits, humans, and other animals suggests that H type 2 antigen binding may be an initial step in calicivirus-host interaction, but without evidence for RHDV infection in humans, an additional host-restrictive step(s) must be necessary for productive RHDV infection. Unlike RHDV, feline calicivirus, and porcine enteric calicivirus, NV is not known to be a systemic pathogen (28, 34, 41) . To date, all reports indicate that NV replication and pathogenesis are restricted to the gut, and NV has not been found in sera from infected humans. However, because of rNV VLP binding to RBCs, the possibility of systemic spread of NV should be reevaluated with more sensitive diagnostic tests. The H type 2 antigen not only is found on RBCs but also is expressed on human enterocytes, mainly on glycoproteins (19) . Many structurally related H and Lewis carbohydrate antigens, besides H type 2, are expressed in the gut and not on RBCs (23, 25) . The H and Lewis antigens are highly expressed in the proximal small intestine, including the duodenal-jejunal junction, a site of NV-associated histopathology as seen in biopsies from NV-challenged volunteers (43) .
A recent study demonstrated that the rNV VLPs bind to histo-blood group antigens present on gastrointestinal sections of secretor, but not nonsecretor, individuals (38) (38) . However, in subsequent assays this group also found that rNV VLPs bind to Le b (J. Le Pendu, personal communication). In the ELISA-based carbohydrate microtiter plate assay, the rNV VLPs were detected bound to the H type 2 reagents at room temperature and at 37°C in addition to 4°C, the temperature required for HA. This binding at increased temperature is probably due to differences in presentation of a single synthetic carbohydrate in the microtiter plate well versus in a heterogeneous carbohydrate population on RBCs. On enterocytes, the presence of the H and Lewis carbohydrates is dependent upon expression of specific glycotransferases (reviewed in reference 31). The expression of these enzymes depends on an individual's genetics and development, on tissue-specific patterns of expression, and on cellular differentiation (25, 31 (38) . However, there may be other factors that would make individuals resistant to NV challenge, such as previous infections with a homologous norovirus or the individuals' ABO phenotypes (32, 49) .
The H type 3 antigen has also been reported to bind rNV VLPs (see structure in Table 5 ) (38) . Our results support these data, based on the following observations. The GalNAc of the A type 2 antigen may be used as a substrate for synthesis of an H type 3 antigen (10, 11 MAb 8812 recognizes a conformational epitope within the protruding domain on the rNV VLPs (amino acids 227 to 530) (30) . This MAb inhibits both rNV VLP HA and binding to the Caco-2 human colonic adenocarcinoma cell line, which resembles small intestinal cells (53) . The lack of HI by IgG purified from mouse rNV VLP hyperimmune serum suggests that MAb 8812 recognizes a nonimmunodominant epitope on rNV VLPs in immunized BALB/c mice. Additionally, the increased binding of rNV VLPs to more-differentiated Caco-2 cells agrees with increased expression of H antigens as Caco-2 cells differentiate in culture (2, 53) . The identification of the carbohydrates to which rNV VLPs bind could be used to screen cells potentially permissive to NV infection. For the human parvovirus B19, identifying the P antigen as the HA receptor helped identify erythroblasts as a permissive cell for infection (7) . However, for NV, expression of the H antigen on potential host cells is not sufficient for productive infection. Caco-2 cells express Le d and H type 2 (2), yet these cells are not permissive to NV infection unpublished data. Nonetheless, H and Lewis antigen expression may prove to be required for or increase the efficiency of NV infection.
Without a cell culture system for NV, there is no means to directly determine if H or Lewis antigen binding plays a part in NV infection. An association between expression of the B antigen and resistance to NV infection and disease suggests that the lack of rNV VLP HA of most type B RBCs is biologically relevant (32) . Indeed, the lack of symptomatic disease in any individual expressing type B antigen supports a model in which greater rNV VLP binding correlates with greater native NV binding and high virus binding is one factor contributing to severity of NV illness (32) . Additionally, if the rNV VLP binding to RBCs is important in NV infection, infected individuals could develop antibodies to NV that block NV-carbohydrate binding, and an increase in rNV VLP HI titer could correlate with protection from subsequent NV challenges (17) . Our examination of paired sera from NV-challenged volunteers shows that the postchallenge HI titers were greater than the prechallenge titers for the NV-infected individuals. Thus, infected individuals are able to develop NV-specific antibodies that block rNV VLP-H type 2 binding. The finding that HI titers increase in the convalescent-phase sera of NV-infected volunteers is of potential interest. With other viruses, increases in HI titer correlate with protection and/or neutralization better than increases in ELISA titer (12, 17) . Currently we are retrospectively examining the relationship between pre-and postchallenge HI titers in relation to NV infection and disease. This and future studies should determine if the rNV VLP HI assay can serve as a surrogate for measuring protective immunity.
In conclusion, rNV VLP HA has proven useful in helping to identify carbohydrates as potential NV ligands that may be required for viral infection. Additional work is needed to understand norovirus-carbohydrate interactions. For instance, the specificity of carbohydrate antigen binding may be strainspecific. The VLPs from a genogroup II norovirus, Grimsby virus, did not produce the same HA profile as rNV VLPs. The recombinant Grimsby virus VLPs were able to hemagglutinate all normal human type O, A, B, and AB RBCs, and they also hemagglutinated one of the seven Bombay-type RBC samples (unpublished data). Understanding the nature of the potential initial norovirus-host cell interactions could lead to the development of antiviral agents and a greater understanding of norovirus pathogenesis. 
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